Abstract: A ridge carbon beam filter for Spreading Out the Bragg Peak (SOBP) up to 20 mm in the targeted area has been designed and experimentally tested. The instrument was constructed of Plexiglas with a density of 1.165 g/cm 3 and has a "teeth" structure with a period of 2.5 mm. The design is based on a simple analytical model and detailed GEANT4 Monte Carlo simulations. In-beam test measurements were performed with a 500-MeV/u 12 C beam at the Nuclotron facility of the Joint Institute for Nuclear Research (JINR) in Dubna. The filter can be used as a static device positioned in front of patients undergoing carbon therapy.
Introduction
Accelerated ion beams became part of modern radiotherapy due to their particular depth-dose profile (the Bragg curve), which allows delivery of most of the total dose into a specific volume near the end of the ion trajectories. The primary beams from the particle accelerators are typically narrow and have well-defined energies. They need proper shaping in both transversal and longitudinal directions in order to be used in radiotherapy, where broad and uniform irradiation dose distributions are required for the treatment of large tumors. The most flexible way to produce a uniform dose deposition fitting the tumor shape is achieved by scanning or wobbling a narrow pencil beam over the target [1] . Such an active shaping technique gives good results when applied to the irradiation of tumors located in a stable position. However it becomes difficult to use with tumors in organs which are moving during the respiratory cycle. In this case, the passive beam shaping technique allows a better control of the dose deposited in the targeted tissue [2] . This technique is employed in the present work. The uniform dose field in the transversal direction relative to the beam axis is achieved and controlled with scatterers and collimators. Many radiotherapeutic treatment plans require spreading out the sharp Bragg peak (SOBP) in the beam direction over a given distance. This is achieved with so-called "ridge filters" [3] [4] [5] .
The goal of the present study was to design, construct, and test an in-beam "ridge filter" producing a 20-mm SOBP in 500-MeV/u 12 C beams to be employed with radiotherapy applications. The tumor is irradiated in slices with thickness determined by the length of SOBP, and the SOBP is displaced from one slice to another using range shifters. The length of the SOBP depends on the dimensions of the tumor and the number of steps in which it is intended to deliver the dose. A 20-mm SOBP provides a higher flexibility of the treatment, allowing the irradiation of tumors with various dimensions -from a few centimeters to tens of centimeters. The 20-mm SOBP was chosen mainly because it is easy to produce a Plexiglas filter of the proposed shape with short, thin "teeth". For a longer SOBP filter, such a simple shape may not be quite adequate.
Presented below are details of the analytical calculations and GEANT 4 Monte Carlo simulations needed for the mechanical design of the instrument. Also, the results of the test measurements performed with a "ridge filter" at the Nuclotron synchrotron of JINR, Dubna, are given.
A comparison between the results of the simulations and measurements is discussed in the last part of the paper.
Design of the ridge filter
From the treatment point of view, the purpose is to provide a uniform distribution of the biological dose over the tumor. The biological dose D is defined in terms of the absorbed dose D and the Relative Biological Effectiveness (RBE) as in Ref. [1] :
The RBE depends on the particle Linear Energy Transfer (LET) and does not exhibit large variations for the human cells. In this work, the RBE values were derived from the survival curve for HSG tumor cells irradiated in vitro with carbon ions [6] using a linear-quadratic (LQ) model. The conformity of this model to the survival fraction of the irradiated cells has a quadratic dependence on the dose D [1, 7] :
where α and β are the parameters of the model depending on the incident radiation and cell type. The RBE values were calculated from the ratio between the dose of carbon ions necessary for a 10% survival (D 10 C ) and the dose of 200-keV X-rays that produces the same biological effect (D 10 R = 4.08 Gy). The absorber was divided into slices in the beam direction. The value of D 10 C in the slice situated in the position " " was obtained from the equation [8] :
Here α and β are the values of the parameters α and β for each slice considering the mixed radiation field. These values were obtained by averaging α and β over all the ions penetrating into the slice:
where α( LET ) β( LET ) and are the LQ parameters for monochromatic radiation as a function of LET for each ion penetrating into the slice . The parameters α(LET ) and β(LET ) were taken from [4] .
The carbon ions penetrating through matter suffer fragmentation collisions, producing lighter fragments which are responsible for the dose deposited in the absorber behind the Bragg peak. In our calculation, the RBE(LET) dependence for the resulting fragments was assumed to be the same as for the initial carbon ions because of the lack of experimental data. This approximation has little influence on the result because most of the fragments are low-LET particles and make a small contribution to the SOBP region [9] .
The RBE values at the position " " were obtained from the following relation:
The algorithm of the analytical computation is similar to Refs. [3, 4] . The incident beam was considered in the y direction, impinging on the ridge filter and the absorber as is shown in Fig. 1 . The variable thickness of the filter induces a continuous displacement of the peaks, realizing the SOBP. The height and shape of the filter are determined from the condition that a flat distribution of the biological dose at a specified distance in the SOBP region be provided. The shape of the filter was described as a function ( ), where is the variable in the direction (the height of the filter) and is the variable in the perpendicular direction (the base of the filter).
The modulated dose D ( ) at any point in the SOBP region is: 
where is a conversion factor (the ratio between the thickness of the human tissue and the thickness of a ridge filter material in which an ion with a given initial energy looses the same energy), λ represents the period of the ridge filter, is the height of the ridge filter, D( ) is the initial dose in the tissue at the point without the ridge filter, F ( ) is a term that considers a decrease of the beam flux at the depth and ( ) is the derivative of the inverse function ( ) describing the ridge filter shape. The equivalence of the doses, which are shifted with the distance c·u, is influenced by the different production of secondary fragments in different materials. In principle, the choice of a material with a low Z close to the tissue is preferable for the ridge filter in order to diminish this difference. The differences in the fluence with and without ridge filter (the F ( ) term) were estimated in the following way. For the thickness of the filter, the dose deposited at the position is the one corresponding to the position y+c·u without the filter. In the absence of the filter, the 
With a layer of the filter with the thickness , the number of ions reaching the position is
resulting in the dose D 1 (y):
Consequently, the correction factor F ( ) becomes
where µ 1 and µ 2 are the attenuation lengths for the absorber and filter material, respectively. The values of F(u) as functions of the water equivalent thickness for two materials, Plexiglas and aluminum, are shown in Fig. 2 . The correction factor can be neglected in the case of Plexiglas, but for Al the correction needed at a thickness of 2 g/cm 2 reaches 4%. For this reason, the filter was made of Plexiglas. 
where is the number of points in which the dose was calculated, and D 0 is the uniform dose which we intend to obtain in the SOBP region. The dependence ( ) is obtained by the integration of the values of the derivative :
The set of points ( ) determines the optimum shape of the ridge filter. The value of 0 (corresponding to 0 =0) represents the dimension of the gap between two "teeth" of the filter. The dose distribution in the plane transversal to the direction of the beam depends on the angular distribution of the beam, the period of the filter, and the distance between the filter and the absorber. The angular distribution is Gaussian, with the width σ calculated according to the Moliere formula for multiple Coulomb scattering. A Gaussian spatial distribution with width σ = d·σ 0 is realized at the distance from the filter. A periodic superposition of Gaussians with the width σ needs a period of the order of σ for a uniform distribution, and this condition requires a period of few mm for the filter. A filter with a period of 2 ÷ 3 mm is less sensitive to the nonuniformity of the beam intensity in the horizontal direction. Wobbling systems usually provide fields with variation less than 1% at such distance.
In the present paper, we design a ridge filter for forming a SOBP curve with the length of 20 mm within the tissue and carbon ion energy of 500 MeV/u. The chosen period λ is 2.5 mm and the material is Plexiglas. The choice of the material was dictated by a wish to diminish the production of secondary fragments. In the analytical computation of the ridge filter shape, a slice in the tissue with the thickness λ and the parallel particle beam approaches were considered.
The optimal shape is presented in Fig. 3a and the corresponding physical and biological doses in Fig. 3b . The construction of such a ridge filter needs high precision technology and is expensive. We analyzed a possibility of making a ridge filter with a simpler shape. In Fig. 3a , we can see that the dependence ( ) can be approximated with a linear dependence in two intervals, from 0 to 1 and from 1 to , with the corresponding slopes 1 and 2 , which represent the weights in each interval. Taking into account the weight of the gap between two successive "teeth" of the filter 0 , the modulated dose at a point becomes
1 2 , 1 and 2 being minimization parameters. The resulting values are shown in Fig. 4a . The verification of the analytical computation was carried out using the MC code GEANT4 [10] . The extension of "low-energy electromagnetic physics" was applied for the electromagnetic processes, with a cutoff range set to a length of 0.1 mm for all particles. If the energy loss at each step calculated by the BetheBloch formula is below a given energy threshold, the particle energy loss becomes continuous. Above the threshold, the energy loss is simulated by explicit production of secondary particles; gamma, electrons, and positrons. The multiple scattering was simulated with the standard GEANT4 Urban model. A binary cascade model, with de-excitation through a pre-equilibrium decay and evaporation, was applied for the nuclear inelastic interaction. The expected physical and biological dose distributions obtained and the scheme of the proposed ridge filter are presented in Fig. 4b . The comparison with Fig. 3b shows that the linear approximation used for the filter introduces small deviations of the dose from an ideal SOBP and that a biological dose homogeneity of 2.17% can be achieved.
Experimental results
The ridge filter was made and tested at JINR's facility Nuclotron. A carbon beam with the initial energy of 500 MeV/u and intensity of 1×10 9 ions per spill was used. The scheme of the experimental set-up is presented in Fig. 5 . The beam profile was registered in both horizontal and vertical directions with a multi-wire ionization chamber (32 horizontal and 32 vertical wires with a space of 3 mm between them). The signal from each wire was transmitted to a CAMAC module through a current integrator Tera VLSI. The Bragg curve was measured with two large-aperture parallel-plane ionization chambers (150 cm in diameter and with a 15-mm gap between the foils), filled with air at normal atmospheric pressure. One of the chambers was placed in front of the phantom and was used as an intensity monitor; the other was placed behind the phantom and registered the beam energy loss. diamond crystal is 0.4 mm thick and has a sensitive volume of 7 mm 3 . The dosimeter has good sensitivity and its small dimensions ensure good spatial resolution.
Two kinds of phantom were used: Plexiglas and water. The first consisted of two Plexiglas wedges: a static one used as compensator and the other moving in a plane transversal to the beam direction by steps which ensured a 0.35-mm variation of the thickness from one step to another. The second phantom was a water basin with the dimensions of 300×100×150 mm. A two-direction stepping movement device displaced the diamond detector in the water by steps of 0.1 mm. A stack of Plexiglas plates with a total thickness of 24 cm was interposed between the first ionization chamber and the phantom. A detailed description of the experiment is given in Ref. [11] . The range of carbon ions in material was 39.3 g/cm 2 . For the measurement of the SOBP, the ridge filter was placed in the beam line between the stack of Plexiglas plates and the phantom. A comparison between the experimental results and the data predicted by MC simulation is presented in Fig. 6 . The differences between the experiment and the simulation are within the experimental errors, providing confidence in the numerical simulations and the procedure used in designing the ridge filter. As can be observed in Fig. 6 , the filters significantly influence the shape of the Bragg curve at penetration depths larger than ∼ 36.5 g/cm 2 . The maximum is shifted from ∼ 38.7 g/cm 2 to ∼ 37.3 g/cm 2 and the slightly descending "plateau" in the dose is located between 37.3 and 38.8 g/cm 2 .
Conclusions
The ridge filter spreads out the Bragg peak in the beam direction, realizing a flat distribution and consequently reducing the number of steps during the treatment. Using a ridge filter with a simpler shape is possible. The differences between the measured dose and simulation were keeping within the limits of the experimental errors. This ensures a constant level of the SOBP within 3%. The ridge filter does not significantly affect the distal profile of the beam. The loss in steepness of the distal fall-off of the dose keeps within 1 mm.
